Ant foragers are known to memorise visual scenes that allow them to repeatedly travel along idiosyncratic routes and to return to specific places. Guidance is provided by a comparison between visual memories and current views, which critically depends on how well the attitude of the visual system is controlled. Here we show that nocturnal bull ants stabilise their head to varying degrees against locomotion-induced body roll movements, and this ability decreases as light levels fall. There are always un-compensated head roll oscillations that match the frequency of the stride cycle. Head roll stabilisation involves both visual and non-visual cues as ants compensate for body roll in complete darkness and also respond with head roll movements when confronted with visual pattern oscillations. We show that imperfect head roll control degrades navigation-relevant visual information and discuss ways in which navigating ants may deal with this problem.
INTRODUCTION
Visual memories can provide navigational guidance only if the movement and the orientation of the visual system are controlled during acquisition and recall. As animals move, they experience complex retinal image shifts (e.g. Eckert and Zeil, 2001 ; Kress and Egelhaaf, 2014; Schilstra and van Hateren, 1998; Srinivasan and Bernard, 1975) . Image motion generated by pure translation provides useful information on heading direction and on the relative distance of objects (Collett et al., 1993) , but image motion signals generated by rotation degrade the quality of that visual information (reviewed in Zeil et al., 2008) . To minimise rotations of the visual system, animals engage in compensatory eye movements that help stabilise gaze during locomotion (e.g. Hengstenberg, 1993; Land, 1999 Land, , 2015 Zeil et al., 2008) .
The visual systems of insects, the compound eyes and ocelli, are part of the head capsule and their orientation is controlled by moving the head around a single neck joint (Hengstenberg, 1993) . Flying insects are able to keep the roll and pitch orientation of the head constant despite large, but predictable, changes of orientation of the thorax associated with flight control (Beatus et al., 2015; Boeddeker et al., 2010; Goulard et al., 2015; Land, 1973; Schilstra and van Hateren, 1998; Viollet and Zeil, 2013) . Walking insects, however, face not only the predictable stride-cycle-dependent body oscillations but also unpredictable ground topography-dependent body rotations Egelhaaf, 2012, 2014) . In the context of visual navigation, it is thus important to investigate to what extent pedestrian navigators, such as ants, are able to control head orientation around the roll and pitch axes while walking (Ardin et al., 2015 and literature review therein). Ants are assumed to memorise views of the nest environment during learning walks before they head out on their first foraging trip (e.g. Graham et al., 2010; Jayatilaka et al., 2014; Müller and Wehner, 2010; Narendra et al., 2013a) and also along the paths they travel (Baddeley et al., 2012; Collett, 2009; Kohler and Wehner, 2005; Mangan and Webb, 2012; Wehner et al., 1996) . To make use of these memories for navigation, insects must be able to hold their visual system in defined orientations during acquisition and recall (e.g. Duelli, 1975; Weihmann and Blickhan, 2009; Ardin et al., 2015) .
Here we investigate head roll orientation in the nocturnal ant Myrmecia pyriformis Smith 1858, which has previously been shown to rely heavily on vision for navigation (Narendra et al., 2013c; Reid et al., 2011) . We ask (1) whether nocturnal ants exhibit compensatory head movements to stabilise their gaze while walking, (2) to what extent their visual system is involved in head stabilisation, and (3) whether a change in ambient light intensity affects head stabilisation. To the best of our knowledge, this is the first attempt to investigate head roll stabilisation in a walking insect in its natural visual environment outdoors. We achieved this by studying ants that walked on a twisted packing band that was fastened to an optical bench (Fig. 1) .
MATERIALS AND METHODS Ants and preparation
Workers of the bull ant, M. pyriformis, were caught during the evening twilight at the base of their nest-specific foraging tree at the Australian National University campus field station, Canberra (35°16′50.14″S, 149°06′42.13″E). They were transferred to the laboratory inside foamstoppered vials and provided with sugar solution. The following day, ants were immobilised on ice and a small flag (paper strip) was glued onto their mesosoma using super glue (UHU, Bühl, Germany) to facilitate monitoring of body roll ( Fig. 2A) . Upon preparation, ants were given at least 1 h resting time to recover from cooling and handling before experiments began. A second group of ants was prepared for tethering to test for an optomotor response. These ants were attached to a small wire using dental glue (SDI, shade modification, Bayswater, VIC, Australia), which allowed us to tether the ants inside a horizontally oriented rotating drum (for details, see below and Fig. 6A ). The ants were also given a small paper ball to hold with their legs, which they rotated as they attempted to walk. The paper ball was necessary for the ants to keep calm and behave naturally.
Experimental setup for freely walking ants
To analyse the extent to which ants stabilise their head while walking freely, we took advantage of the ants' preference to walk along sticks. Ants were placed on a twisted plastic packing band (1 cm wide) that ran 30 cm above the ground between two aluminium rods fixed to an optical bench of 1 m in length (Fig. 1) . Using the same portable setup, we filmed ants both outdoors under ambient light conditions (October 2013 -February 2014 , and in a typically cluttered indoor laboratory environment (December 2013) under normal room light and in complete darkness. Ants were individually released on the band throughout the evening astronomical twilight period. We frontally filmed ants walking over a stretch of approximately 10 cm of the twisted band using a high-speed digital camera (CR600×2, Optronis, Kehl, Germany) mounted on the optical bench, running at 125 frames s −1 . Images (1280×1024 pixels) were saved to a DELL portable computer running Optronis TimeBench software and later converted to uncompressed 8-bit jpeg files for further processing. The setup was illuminated with two infrared LED panels with a peak wavelength of 850 nm, which the ants cannot perceive (Ogawa et al., 2015) . We measured light intensities for both the indoor (dark: 0.00 W cm −2 ; room light: 5.26×10 −6 W cm −2 ) and outdoor experiments using a radiometer ILT1700 with a SED100/F/L30 detector for increased sensitivity (Warsash Scientific, Redfern, Australia).
Analysis of panoramic images
We were interested in assessing how serious the effect of imperfect head roll stabilisation is for visual homing. To do this, we assumed that M. pyriformis employ some kind of image-matching strategy to localise their nest and to move along habitual routes, as has been suggested to be the case for other ants and hymenopteran insects in general (reviewed in Collett et al., 2013; Zeil, 2012) . One important piece of information that can be gleaned from a comparison between a remembered and a currently experienced view is the heading direction (towards the nest or along a route), indicated by the direction in which image differences are smallest when scanning and comparing the memorised reference image against the current scene -the minimum of the rotational image difference function (rotIDF; e.g. Graham et al., 2010; Baddeley et al., 2012; Dewar et al., 2014; Narendra et al., 2013a,b; Stürzl and Zeil, 2007; Zeil et al., 2003) . We captured panoramic scenes on a single day at midday using a Sony Bloggie camera (MHS-PM5) at two different locations along the ants' foraging corridor: at the nest and halfway between the nest and the foraging tree (nest-tree distance 12 m). The camera was mounted on a Leitz Universal Stage goniometer and levelled using a spirit level before images were captured every 5 deg at roll angles between 0 and 25 deg. The circular panoramic images were unwarped to rectangular panoramic images, using a customwritten program (courtesy of W. Stürzl, DLR Germany). The 8-bit greyscale images were converted to floating point arrays and an 80×80 pixel Gaussian filter with σ=FWHM/2.355 pixels [with full width at half maximum (FWHM) set to twice the interommatidial angle of 3 deg] was applied to match the average interommatidial angle of the eye of M. pyriformis . We then compared panoramic view similarities between the two locations along the ants' foraging path by determining the rotIDF (for details, see Stürzl and Zeil, 2007; Zeil et al., 2003) . This was done by calculating the pixel differences for 1 pixel shifts between the image at the nest with either itself or with the view halfway along the foraging corridor using the MATLAB circshift function (MathWorks, Natick, MA, USA). The minimum derived by such a comparison corresponds to the highest similarity between the ) for six sequences recorded during a 2 h period in the evening (recording times given inside panels). Panels in column 2 and 4 show the power density of leg movements (black) and head roll movements (blue), resulting from a fast Fourier transform of the same sequences. The head roll spectrum has been multiplied by 10 for ease of comparison.
views, which tends to coincide with the orientation of homedirected reference views (Baddeley et al., 2012; Narendra et al., 2013a) .
Experimental setup for tethered ants
To identify the contribution of vision for head stabilisation, we tethered ants inside a horizontally oriented rotating cylinder (diameter 14.5 cm, length 14.5 cm) that was mounted on an optical bench. The inside of the cylinder carried three different patterns: (1) equally spaced axial black and white stripes of 13 mm width (spatial frequency of 0.05 cycles deg −1 ); (2) a 180 deg black and 180 deg white pattern forming an artificial horizon and (3) a featureless white background. The drum was then manually oscillated around the roll axis back and forth at a frequency of approximately 0.5 Hz and an amplitude of approximately 15-20 deg, with the aid of a filament line that was wound around the edge of the drum and that ensured a smooth movement of the cylinder. The experiments were performed indoors under normal room light. The inside of the drum was homogeneously illuminated with a ring light guide (Schott Australia, Frenchs Forest, Australia). Frontal views of ants were recorded at 60 frames s −1 (image size 1280×1024 pixels) through the inner opening of the ring light guide with a high-speed digital camera (CR600×2, Optronis) that was mounted on the same optical bench as the drum. The camera was equipped with a 90 mm Panagor macro lens with the aperture set between f11 and f16. The camera was connected to a DELL portable computer running Optronis TimeBench software. To monitor the orientation of the cylinder, a thin cardboard strip with two markers was attached to the inside of the drum, which was located in the ants' posterior visual field. Videos were converted to image sequences and stored as uncompressed 8-bit jpeg files for offline processing.
Data analysis
For freely walking ants, the orientation of the head and the mesosoma was determined by extracting frame-by-frame the x/y position of both eyes, and the tip and base of the paper strip mounted on the mesosoma using a custom-written MATLAB program (J. M. Hemmi, R. Parker, The Australian National University) ( Fig. 2A) . This allowed us to determine whether and to what degree the ants are able to compensate for body roll induced by the twisted band to stabilise their head. For tethered ants, the orientation of the head was determined by digitising the positions of two mandibular teeth. We digitised the x/y position of the tarsus of the left middle leg along with head roll orientation. We illustrate this with six examples (Fig. 3 ) to show the extent to which head roll movements are generated by the ants' stepping rhythm. To demonstrate that remaining head roll oscillations are stride-cycle induced, we performed a fast Fourier analysis with Hanning window on the time series of the displacement speed of the left middle leg and of the angular velocity of head roll (see Fig. 3 ). To detect possible delays between body roll and head roll movements, we performed a crosscorrelation analysis between the time series of body and headrelative-to-body angular velocities for each sequence separately, and present the means and standard deviation of the resulting crosscorrelation functions in Fig. 4C ,D for early and late sequences. Angular velocities were calculated as V t =(θ t+1 −θ t−1 )×f/2, where V t is angular velocity at time t, θ is the orientation of the head or mesosoma and f is the frame rate (frames s -1 ).
RESULTS

Freely walking ants in their natural habitat
We captured ants that were leaving the nest and placed them on the twisted plastic packing band (Fig. 1) . The ants tolerated band slopes of up to 50 deg before jumping off the band or walking on the edge of the band to avoid larger body roll. Freely walking ants were able to stabilise their head to compensate for body roll under natural light conditions. The ability to do so, however, varied between individuals, and for most ants it was imperfect (least-squares linear regression for the two cases shown in Fig. 2B and C, R 2 =0.14, P<0.01, and R 2 =0.69, P<0.01, respectively). Even those ants that on average kept their head horizontal displayed oscillating head roll fluctuations of approximately 5 deg irrespective of the substrate-induced body roll (Fig. 2B) . The frequency of these remaining head roll oscillations was approximately 3 Hz and matched the frequency of the stride cycle (Fig. 3) . Interestingly, walking speed on the twisted band (as indicated by the stride cycle frequency) did not vary consistently with falling light levels, as shown qualitatively by the six example sequences in Fig. 3 , which were recorded over a 2 h period between 20:27 and 22:28 h. Typically, workers of M. pyriformis begin activity during the evening twilight (Narendra et al., 2010) . Light levels drop dramatically during this period and therefore ants experience a wide range of ambient light intensities during their foraging trips (Fig. 4A) . Overall, we found that during their natural foraging times, ants were able to compensate for between 30% and 100% of the induced body roll (Fig. 4B) . Their ability to do so decreased later in the evening (least-squares linear regression, R 2 =0.26, P=0.002, N=35; Fig. 4B ), suggesting that head roll stabilisation is to some extent mediated by vision. Unusually for a visual response, both in the early and late evening, ants compensated for the induced body roll with no detectable response lag at 8 ms temporal resolution (Fig. 4C,D) .
We used the same setup to test the ants' ability to stabilise their head in the laboratory in complete darkness as well as under normal room light as a control. In complete darkness, ants were significantly worse at stabilising their head compared with the same individuals tested under normal room light conditions (twotailed t-test, P=0.038, room light: N=14; darkness: N=20; Fig. 4E ). The order of dark and room-light treatment was chosen randomly, with equal numbers of ants experiencing dark first or room-light first. However, even in complete darkness, ants on average were still able to compensate for 50% (individuals with a head/body compensation factor of 0.5) of the band-induced body roll. Thus, while vision contributes to head roll stabilisation in M. pyriformis workers, there are also non-visual mechanisms, most likely mechanoreceptors (e.g. Goulard et al., 2015) or an efference copy (e.g. Viollet and Zeil, 2013) , that mediate this response.
Purely visually controlled head roll stabilisation
In the absence of information from mechanoreceptors, tethered ants responded differentially to three different visual patterns presented in an oscillating drum (Fig. 5) . In response to oscillating horizontal stripes, ants compensated for up to 25% of the experienced image motion by rotating their head in the same direction (Fig. 5B) . When presented with an artificial horizon, ants still responded, although the response was much weaker (compensating for approximately 10% of the drum rotation; Fig. 5C ). In the absence of visual contrast, ants did not respond to the oscillating drum, confirming that the ants' head roll responses in these experiments were purely visually driven (Fig. 5D ). Ant head movements followed the movement of the stripe pattern with a response lag of 75 ms (Fig. 5E) and that of the artificial horizon with a lag of 167 ms (Fig. 5F ). Because there was no response to the blank control, there was also no detectable modulation of the cross-correlation function (Fig. 5G) .
Implications of imperfect head roll for visual navigation
Because M. pyriformis rely on visual cues for orientation during their foraging excursions, using both the pattern of polarised skylight and the landmark panorama (Narendra et al., 2013c; Reid et al., 2011) , we quantified the degree to which imperfect roll stabilisation affects the retrieval of navigational information (specifically heading direction) by determining the rotIDF (see Materials and methods) between a perfectly horizontally aligned reference snapshot and a current scene, which is seen through a visual system that is 'misaligned' by different degrees of roll. Ardin et al. (2015) have recently conducted a similar analysis on the effects of head pitch on navigational information. We find that at the location at which a reference image is taken, the orientation of that image can be recovered even if the current view is rotated up to 20 deg relative to the horizontal (left column, Fig. 6A ), as judged by the minima of rotIDFs. However, head roll exceeding 10 deg leads to significant false minima and can altogether abolish a detectable rotIDF minimum when a view at the nest is compared with one along the foraging corridor approximately 6 m away from the nest (right column, Fig. 6A ). In essence, this means that roll and pitch movements of the head limit the range over which panoramic images can provide navigational guidance (e.g. Narendra et al., 2013a; Stürzl et al., 2015; Ardin et al., 2015) .
The distribution of residual, un-compensated head roll we measured in our experiments shows that in the early evening the head compensates for approximately 85% of body roll: the head roll distribution has a median amplitude of 2 deg and a total width of 30 deg (blue histogram, Fig. 6B ) against median body roll amplitudes of 13 deg (red histograms). In the late evening the head compensates for approximately 55%: the head roll distribution has a median amplitude of 9 deg at a total width of 40-50 deg (blue histogram, Fig. 6C ) against median body roll amplitudes of 20 deg (red histogram). It is thus unlikely that the ants can continuously access visual cues for navigation while they are walking over uneven ground.
DISCUSSION
We have shown that walking nocturnal bull ants stabilise their head against body roll, but that there are large variations in how well they achieve this. Part of the variance under natural conditions is due to decreasing ambient light levels, with the ability to stabilise the head decreasing at low light. In addition, remaining head roll movements are synchronised with the ants' stepping rhythm, indicating that ants cannot fully compensate for stride-induced body roll movements. The control of head roll orientation during walking involves both visual and non-visual cues because ants retain some control in absolute darkness. We will first discuss how imperfect head roll compensation affects the use of visual information during navigation and then address some of the control system issues involved in the mechanism of head roll stabilisation.
Implications of head roll orientation for visual navigation
The importance of head stabilisation has been recognised in the context of the control of locomotion, heading direction, the reduction of image motion blur and the separation of rotational and translational optic flow (Land, 1999 (Land, , 2015 Zeil et al., 2008; see also Beatus et al., 2015; Goulard et al., 2015) . However, it has only recently been considered in the context of the image (snapshot)-matching process (Ardin et al., 2015) that is thought to underlie the use of route and place memories for navigation (reviewed in Collett et al., 2013; Zeil, 2012) . Recent studies on the Australian jack jumper ant, M. croslandi , and on the desert ant Melophorus bagoti (Wystrach et al., 2014) have investigated the way in which ants scan the panorama before deciding where to go, and have concluded that the ants do not look at particular features in the environment, but rather appear to perform a more global matching procedure between current and memorised views (Wystrach et al., 2014; Zeil et al., 2014) . Confirming the results obtained by Ardin et al. (2015) for pitch misalignment, we have shown here that misalignments around the roll axis of more than 10 deg between the memorised reference images and the current views are likely to pose serious problems for retrieving navigational information through such global image comparisons. There are a number of ways in which ants may be able to cope with this situation. Ants may be able to restrict acquisition and scanning for visual information to moments in which their head is horizontally aligned, by monitoring the direction of gravity (see below for further discussion). In addition, we know that M. pyriformis foragers pause along the route and do so more frequently and for longer durations as ambient light levels drop (Narendra et al., 2013c) . Related dayactive ants (Myrmecia croslandi) also repeatedly stop and scan when navigating back to their nest (J.Z., unpublished observations). It is possible that they (and ants in general) restrict image-matching to these stop phases when locomotion-induced blur is minimised and head orientation may be easier to adjust. One testable prediction would be that ants keep their head more horizontally aligned when they perform scanning movements around the yaw axis and/or when they pause along their foraging path (Narendra et al., 2013c) , compared with when they are walking (e.g. Wystrach et al., 2014; Zeil et al., 2014) . It is also conceivable that there are ways of preprocessing, representing and comparing images that are robust against roll and pitch misalignments, a possibility that remains to be investigated.
Walking bull ants experience recurring head roll of approximately 5 deg at 3 Hz irrespective of substrate orientation or ambient light levels. This head roll oscillation has the same frequency as the stride cycle and is reminiscent of the yaw head oscillations of approximately 4 deg that were recently described in the walking blowfly Calliphora vicina (Kress and Egelhaaf, 2014) . Retinal image shifts that are due to the alternating tripod gait have also been described in predatory tiger beetles Cicindela tranquebarica, who run after their prey using visual guidance and adapt their stride cycle to compensate for the imposed oscillation of their gait when turning towards their prey (Haselsteiner et al., 2014) .
Potential sources of information for non-visual head roll control
Three pieces of evidence indicate that mechanosensory feedforward information may be involved in the compensatory head roll response of M. pyriformis (e.g. Viollet and Zeil, 2013; Goulard et al., 2015) : firstly, we did not detect delays at least at a temporal resolution of 8 ms (Fig. 4C,D) ; secondly, ants are able to compensate to some degree even in total darkness (Fig. 4E) ; and thirdly, the visual input to head roll orientation is surprisingly weak (Fig. 5B, see below) . Potential candidates for mechanosensors are gravity sensors in the mesosoma either in the form of joint-position sensors or joint-load sensors (Mendes et al., 2014) . In ants (Markl, 1962) , as in other insects (Apidae: Horn, 1973; Calliphora: Horn and Kessler, 1975; Horn and Lang, 1978; Gryllus: Horn and Bischof, 1983; reviewed in Horn, 1985) , hair plates that have been shown to mediate gravity information are found on the antennal joints, the neck, the mesosoma-petiole joint, the petiole-gaster joint and joints between the mesosoma and the coxae. Insects can monitor the deflection of the sensory hairs while they move to precisely determine the relative position of body parts to compute the gravitational force that acts upon them (Mendes et al., 2014) . In addition to computing joint position, insects can also use joint load to measure gravity (Hengstenberg, 1993) . In insects, specialised stretch receptors (campaniform sensilla) are distributed at strategic points, such as near leg joints on the exoskeleton, and deform when pressure acts upon the cuticula -for example, when the weight distribution on a leg changes during locomotion (Bender and Frye, 2009 ). Both joint position and joint load could allow ants to monitor the orientation of body parts to detect alignment with the horizontal plane while moving.
The multi-modal head roll control system in ants
The gain of the visual control loop in tethered M. pyriformis ants is surprisingly low and response latencies are comparatively long for insect visual responses (e.g. Beatus et al., 2015) . We note in this context that to the best of our knowledge, there are no studies characterising the optomotor control systems in ants. The observation that delays are longer in response to the horizon pattern compared with the striped pattern has also been described for head roll compensation in wasps (Viollet and Zeil, 2013) , and is most probably due to differences in pattern size (Warzecha and Egelhaaf, 2000) . With regard to the low gain of the visual control loop, it is important to note that the ants in our optomotor experiments were not walking. One reason for the low gain may therefore be the state-and context-dependent processing of relevant information. For instance, in the blowfly C. vicina, a subpopulation of the neck motor neurons (NMN type II) integrates visual information from the compound eyes with mechanosensory information from the halteres (Huston and Krapp, 2009) . Visual input only affects the activity of type II NMNs when a non-visual input from the halteres is present concurrently. The fact that these neurons do not produce action potentials in response to visual stimuli alone, but do so when activated in concert with the halteres, stresses the importance of testing head stabilisation in freely moving animals. State-and context-dependent processing may thus explain why head compensation response to visual pattern motion alone in our tethered M. pyriformis ants was very weak. However, the visual control loop also does not appear to be sufficient to compensate for stride-cycle-induced roll movements of the body.
Because the ability of M. pyriformis to stabilise their head decreases as light levels fall, it will be interesting to now determine whether the optomotor system in congeneric diurnal ants that forage at brighter light intensities contributes more significantly to head roll stabilisation. Most importantly, however, ways need to be found to track the head orientation of ants during their learning walks and over whole foraging journeys, rather than very short sections (4 cm: Ardin et al., 2015 ; ∼10 cm in our analysis). To be able to assess whether a perceived lack of head stabilisation poses serious problems for visual navigation (as discussed here and by Ardin et al., 2015) , we would need to know the extent to which head attitude is controlled during the acquisition of visual memories and whether navigating ants compare views intermittently (see Lent et al., 2009 ) with adjusted head attitude, or continuously, while walking.
